A substantial body of literature is dedicated to scholastic achievement of children born preterm, with varying degrees of prematurity, in comparison to their term-born peers. Quantitative integration of findings from elementary, middle, and high-school children born ≤33 weeks gestation yields effect sizes within the medium to medium-large range for the three core domains of academic performance (reading, spelling, and mathematics), as measured by standardized achievement tests (Aarnoudse-Moens et al. [@CR1]). These results are consistent with findings from quantitative integration of cognitive outcome studies of children born preterm (Kerr-Wilson et al. [@CR36]).

Deficiencies in academic skills of school-age children born preterm are heralded by the emergence of domain-specific, neuropsychologically-based, preliteracy and prenumeracy skill deficits during the preschool years. Indeed, comparisons of performance on academic readiness tasks between preterm-born preschoolers and their term-born peers yielded poorer scores in the former group, regardless of gestational age. Group differences have been documented in expressive and receptive language abilities as well as in visuomotor or graphomotor (preprinting) skills in both very preterm (Foster-Cohen et al. [@CR22]; Caravale et al. [@CR14]; Torrioli et al. [@CR55]) and late-preterm (Baron et al. [@CR8]; Baron et al. [@CR9]) cohorts.

Establishing the nature of early biomedical risk factors that forecast deficits in critical academic precursor skills is essential for identification of preschoolers at risk for deviation from the typical neurodevelopmental trajectory. Findings from a recent quantitative integration of the literature suggest that both preterm birth and adverse antenatal factors are important antecedents of intellectual disability diagnosed between 1 and 17 years of age (Huang et al. [@CR34]). Yet few preschool outcome studies included within-group examination of the links between complications associated with preterm-birth and performance on neuropsychological tasks that tap domain-specific, literacy or numeracy, precursor skills. Foster-Cohen et al. ([@CR22]), focusing on the impact of peri-, and neonatal, but not antenatal, complications, reported no significant associations between several early risk factors (including the sum of *peri*natal complications) and language delay within a cohort of four-year-old preschoolers born very preterm. In a similar sample of preschoolers born \<34 weeks gestation Torrioli et al. ([@CR55]) were able to document a significant relationship between a single major antenatal complication, intrauterine growth restriction, and intelligence (but not visual-motor integration).

Consistent with the prevailing fetal programming framework (Barker [@CR6]), conditions or risks originating in-utero have the unique capacity to modify long-term physical health and behavioral outcome. Though the exact mechanisms leading to disease or cognitive-behavioral deficits have yet to be specified, it has been suggested that fetal adaptation to environmental stress may involve vascular, metabolic or endocrine changes that permanently alter bodily structure or function (Hocher et al. [@CR31]). Antenatal perturbations are likely transmitted to the infant through their effects on placental function. The latter, in turn, adversely influences fetal and postnatal brain development and cognitive-behavioral outcome (Zeltser and Leibel [@CR65]; Buss et al. [@CR13]; Davis and Sandman [@CR17]).

Within the high-risk group of preterm-born children, both the variability in the base-rates of various antenatal complications associated with prematurity and the sheer number of medical risk factors that require consideration often impede exploration of developmental outcome effects of early biological adversity. Additionally, the developmental impact of discrete medical complications is probably cumulative (Shalev et al. [@CR50]). Cumulative risk indices may show increased stability across developmental periods, accounting for more outcome variability between individuals than specific complications (Wade et al. [@CR57]). Aggregate scores that reflect cumulative risk associated with a distinct early risk epoch may be increasingly sensitive compared to discrete complications that are likely linked to small effects that are difficult to detect (Whitehouse et al. [@CR61]). Although the influence of cumulative *peri*natal risk on developmental outcome of preterm children has received some consideration (e.g., Carmody et al. [@CR15]; Foster-Cohen et al. [@CR22]), the effects of cumulative *ante*natal risk in this vulnerable group remain essentially unexplored. Hence, our chief objective was to examine the combined contribution of common antenatal complications to explaining individual differences in academic (kindergarten) readiness *within* a preterm-born cohort. In addition to gauging intellectual abilities, we evaluated language skills as precursors of reading attainment, visual-motor integration skills as antecedents of writing-skill development, and early number concepts as the preschool forerunners of math achievement. We predicted that degree of antenatal risk in preterm-born preschoolers will be inversely related to both general cognitive, and domain-specific, neuropsychological skills that provide the basis for scholastic achievement.

Method {#Sec1}
======

Participants {#Sec2}
------------

Preterm-born children (\< 34 weeks' gestation) were recruited for the study between 3 and 4 years of age and evaluated between May 2011--July 2016. The children were born at William Beaumont Hospital (WBH), Royal Oak, MI, in 2007--2012, and treated in the Neonatal Intensive Care Unit (NICU). At WBH-NICU resuscitation is attempted for all infants with an estimated gestational age ≥ 23 ^0^/~7~ weeks (Batton et al. [@CR10]). Children with congenital anomalies, or who required mechanical ventilation after discharge, were excluded from the retrospectively identified NICU cohort matching our inclusion criteria. The families of 41.63% of 860 cases could still be reached for recruitment attempt based on contact information provided at the time of birth (see Online Resource [1](#MOESM1){ref-type="media"}). Of these, families of 38.27% cases were not interested, for multiple reasons. In accord with WBH Human Investigation Committee guidelines nonparticipating families were not specifically queried, yet amongst common reasons spontaneously provided by families for nonparticipation were being "too busy", residing too far away or not wanting to travel from suburban areas to the city. Families of 51 additional cases (14.24% of those successfully contacted) "no-showed" for the schedule assessment twice and were not rescheduled. The 170 available participants constituted 51.20% of the pool of cases whose families could be contacted between 3 and 4 years of age.

Of 170 evaluated cases ten were excluded from data analyses, five with suspected antenatal substance exposure and five with missing background medical information pertinent to this investigation. Altogether 160 cases were available for this study (see Table [1](#Tab1){ref-type="table"} for sociodemographic characteristics). As the table shows, our sample included participants from a very broad socioeconomic range. Nonetheless, the relatively high mean SES (48.6 of 66 possible points; SD = 10.00) reflects the composition of the catchment area of WBH. This region includes primarily middle social strata, thereby minimizing the possibility of confounding the effects of antenatal risk with other adverse environmental factors associated with socioeconomic status. Correspondingly, about 85% of NICU admissions were covered by private medical insurance and only 15% by Medicaid. Additionally, 78.1% of the mothers and 62.3% of the fathers attained a college degree. The final sample included 75 (46.9%) boys and 28 (17.5%) participants of African-American descent.Table 1Demographic and socio-familial characteristics for total sampleCharacteristicMean (SD) /Frequency (%)Adjusted age (months)^a^44.8 (3.1) \[38.6--53.1\]Multiples (S:M)^b^90:70 (56.3: 43.8)Race (W:O)^c^126:34 (78.8: 21.2)SES^d^48.6 (10.0) \[24.0--66.0\]Sex (M:F)75:85 (46.9: 53.1)Parental VIQ^e^101.7 (11.6) {135} \[70.0--136.0\]Mother's education (yrs.)16.2 (1.8) \[11--20\]Father's education (yrs.)15.4 (2.1) \[10--20\]Bilingual home12 {155} (7.7)Preschool attendance114 (72.6)Frequencies (with percentages in parentheses) are reported for discrete data, means (with standard deviations in parentheses) for continuous data. For missing data number of cases provided in braces. Ranges in brackets^a^Age adjusted for prematurity^b^S = single, M = multiple (61 twins and 9 triplets)^c^W=White; O = Other (one or both parents not Caucasian)^d^Hollingshead's ([@CR32]) Four-Factor Index of Social Status.^e^ Prorated IQ based on three subtests (Vocabulary, Similarities, and Information) of the Wechsler Adult Intelligence Scale-IV; Testing administered to the biological mothers

The proportion of males to females in our sample (46.9%: 53.1%) was not significantly different from the proportion observed in the remaining portion of the total relevant NICU cohort from which we attempted to recruit (53.14%: 46.86%; χ^2^ \[1\] = 2.05, *p* = 0.15). The proportion of singletons to multiples in our sample (56.3%: 43.8%) was also not significantly different from the proportion observed in the remainder of the total cohort (60.71%: 39.29%; χ^2^ \[1\] = 1.08, *p* = 0.30). Information about racial distribution was available for two thirds of the total relevant cohort. As noted above, our sample included 17.5% African Americans, a somewhat smaller proportion than that observed in the remainder of the relevant NICU cohort (24.16%;χ^2^\[1\] = 3.01, *p* = .08). The mean gestational age (30.4 ± 2.6 weeks) and birth weight (1,424 ± 457 g) in our sample approximated the mean gestational age (29.8 ± 2.8 weeks) and birth weight (1,434.3 ± 513 g) available for the total relevant cohort. Likewise, the length of stay was also similar for our sample (43.42 ± 34.17 days) and the total cohort (42.9 ± 34.5 days), and the proportion of children requiring ventilation in our sample was not statistically different from that observed in the remaining portion of the total cohort (36.5% vs. 38.57%; χ^2^ \[1\] = 0.29, *p* = 0.585).

According to parental report, none of the children had sustained a severe head injury with loss of consciousness. Postnatal seizure history was reported for 11 cases, yet only three required anticonvulsant medications. Whereas the intellectual abilities of two of these three children fell well within the Average range, the remaining case manifested severe intellectual deficits. As Table [1](#Tab1){ref-type="table"} shows, ninety participants were singletons and seventy were products of multiple pregnancy. Sixty-four multiples were co-members of twinships or triplets and therefore shared antenatal risk. Descriptive statistics regarding pregnancy and perinatal risk in our sample were based on data obtained retrospectively from hospital records (Table [2](#Tab2){ref-type="table"}). Additional information regarding intervention procedures is provided in Online Resource [2](#MOESM1){ref-type="media"}.Table 2Antenatal and perinatal background for the total sample of 160 casesAntenatalPerinatal*Pregnancy - generalBirth and delivery*Mother's age at delivery (years)32.7 (4.5) \[159\]Abnormal presentation^j^71 (44.4)Parity0.60 (0.9) \[158\]Apgar score at 5 min \< 65 (3.1)Smoking (≥ 1 cigarette per day)7 (4.4) \[159\]Birthweight (grams)1,424 (457)*List of antenatal complications with frequency \> 5%*Cord pH \< 7.1^k^5 (3.2) \[155\]Abruption or suspected abruption of the placenta^a^20 (12.5)Gestational age (weeks)^l^30.4 (2.6)Chorioamnionitis^b^33 (20.6)*List of perinatal complications with frequency \> 5%*Diabetes^c^20 (12.5)Anemia at birth^m^21 (13.1)HELLP syndrome^d^11 (6.9)Bacterial infection^n^12 (11.9)Hypertensive disorder in pregnancy^e^56 (35.0)Bronchopulmonary dysplasia^o^27 (16.9)Hypothyroid^f^ (requiring hormone replacement)30 (18.8)Hyaline membrane disease^p^99 (61.9)Membranes ruptured \>12 hours^g^34 (21.3)Hyperbilirubinemia^q^17 (10.6)Placenta previa16 (10.0)Hypoglycemia^r^22 (13.8)Small for gestational age (\< 10th centile)^h^19 (11.9)Intracranial pathology^s^27 (16.9)*Mean sum of antenatal complications*^*i*^1.50 (1.00)Oxygenation required after discharge^t^20 (12.5)Patent ductus arteriosus^u^38 (23.8)*Mean sum of perinatal complications*^*v,w*^1.80 (1.60)Frequencies (with percentages in parentheses) reported for discrete, means (with standard deviations in parentheses) for continuous, data. In case of missing data, *N* provided in brackets^a^Determined at delivery or by placental pathology^b^Includes only cases confirmed via histopathology (with or without funisitis)^c^Includes both gestational diabetes and diabetes mellitus^d^Hemolysis, Elevated Liver enzymes, and Low Platelet count^e^Including diagnoses of preeclampsia, chronic hypertension, and pregnancy induced hypertension^f^All cases requiring treatment with Levothyroxine^g^Time from preterm premature rupture of membranes to delivery. For the 34 cases membranes were ruptured from sixteen hours to 59 days (Mean ± SD = 240 ± 306 h)^h^According to sex-specific, birthweight-for-gestational-age, reference norms (birthweight SD) published by Kramer et al. ([@CR37])^i^Summary score for the nine above listed antenatal complications with sample frequency \> 5%^j^Includes any atypical presentations (breech, transverse lie, footling, etc.)^k^Arterial cord pH examined for 130 participants, arterial pH below 7.1 was recorded (*n* = 3). When only venous cord pH was available (*n* = 21), venous pH below 7.2 was recorded (*n* = 1). For four cases, initial capillary blood below 7.2 was recorded (n = 1), whereas acid-base information was unavailable for five cases^l^As determined by obstetrician; \> 95% of cases were corroborated by antenatal ultrasound. Distribution: 33 cases ≤28 ^0^/~7~ weeks (20.62%) + 31 cases ≤30 ^0^/~7~ weeks (19.37%) + 62 cases \<32 ^6^/~7~ weeks (38.75%), + 34 cases ≤33 ^6^/~7~ weeks (21.25%)^m^Initial hematocrit \<40%^n^Established by positive blood culture^o^Chronic lung disease: supplemental oxygen required at 36 weeks gestation or discharge for infants \<32 weeks gestation. No cases were observed in this sample with gestational age ≥ 32 weeks^p^Based on a chest roentgenogram and clinical evaluation^q^Peak bilirubin ≥12 mg/dl^r^Diagnosed at least once during NICU stay^s^Documented on the basis of cranial ultrasound. (Mild = Bleed Grade 1&2; Severe = Grade 3&4 using grading criteria by Volpe, [@CR56]). Routine cranial ultrasound given to all infants with gestational age ≤ 32 weeks, and when clinically indicated to infants with gestational age \> 32 weeks. There were twenty cases (12.5%) with mild brain bleeds (sixteen Grade I and four Grade II) and seven (4.4%) with severe intracranial pathology, including three Grade III intraventricular hemorrhage, two Grade IV (one requiring shunt), and two cases with periventricular leukomalacia^t^Infants discharged on the ventilator were not included in the current study^u^Diagnosed by clinical manifestations and echocardiographic information^v^Summary score for the nine above listed perinatal complications with sample frequency \> 5%^w^The rate of severe retinopathy of prematurity (\> Stage 2) in the total sample was 4.11%, below our inclusion cutoff (one cases with Stage III, four cases with Stage III+, and two cases with Stage IV) and there were no cases with Grade IV ROP after exclusion of eleven cases with significant neurological background. All cases with Stage III+ and Stage IV had received laser treatment

Gestational age in our sample ranged from 23 ^4^/~7~--33 ^6^/~7~ weeks and was determined by maternal dates and confirmed by early prenatal ultrasound in \>95% of cases. Three children with CP diagnosis (spastic diplegia) were included in the sample. Additionally, there were three cases with perinatal diagnoses of Grade III intraventricular hemorrhage, one with Grade IV, one with periventricular leukomalacia (PVL), one with both PVL and subsequent cerebral palsy (spastic diplegia), and one with Grade IV hemorrhage coupled with hydrocephalus (requiring reservoir placement). Adding the aforementioned single seizure case with severe intellectual impairment, the "significant brain injury" subgroup included 11 cases. Importantly, statistical analyses were performed both with and without these cases.

Evaluation of Pre-Kindergarten Readiness Skills {#Sec3}
-----------------------------------------------

### General Assessment Considerations {#FPar1}

Evaluations were conducted between 2011 and 2016 by clinical psychology graduate students who had been extensively trained in developmental neuropsychological assessment. They were kept uninformed about participants' medical background data, with the single exception of being aware that the children were NICU graduates. All testing and other data collection procedures were conducted in compliance with ethical standards of the Helsinki 1964 Declaration and its later amendments, as well as with the regulations of the Human Investigation Committee of WBH and the Institutional Review Board of Wayne State University. Informed consent was obtained from a parent/legal guardian of all individual participants included in the study.

### Cognitive Abilities {#FPar2}

Global intellectual functioning was evaluated using the Information (IN) and Block Design (BD) subtests from the Wechsler Preschool and Primary Scale of Intelligence (WPPSI-III; Wechsler [@CR58]) in 96 cases, whereas 64 participants (40%) were given the same subtests from the Fourth Edition (WPPSI-IV; Wechsler et al. [@CR59]). For our participants' age, IN has excellent (r~xx~ = 0.92), whereas BD shows good (r~xx~ = 0.85), internal consistency reliability (Wechsler [@CR58]).

### Prereading Skills {#FPar3}

Language skills were assessed using the Core Language (CL) score from the Clinical Evaluation of Language Fundamentals-Preschool (CELF-P2; Wiig et al. [@CR62]). The CL stability coefficient for ages 3:0--3:11 is high (r~12~ = 0.87), whereas internal consistency and split-half reliability are excellent (r~xx~ = 0.91 and 0.92, respectively). The CL scale is comprised of three subtests: Sentence Structure, Word Structure, and Expressive Vocabulary.

### Prenumeracy Skills {#FPar4}

Quantitative knowledge and reasoning were measured using the Applied Problems (AP) subtest from the Woodcock Johnson (WJ-III) Tests of Achievement (Woodcock et al. [@CR63]). At the prekindergarten level, AP assesses emergent counting, addition, and subtraction skills. The split-half reliability for ages 3 and 4 is excellent (r~11~ = 0.92 and 0.94, respectively), and test-retest correlations range from r~12~ = 0.85--.90 for ages 2--7 (Woodcock et al. [@CR63]). Quantitative Concepts (QC), another WJ-III task that may be administered at three years of age does not possess an adequate floor (Alfonso and Flanagan [@CR2]), and was therefore not included.

### Preprinting Skills {#FPar5}

Eye-hand coordination skills were assessed using the Visual-Motor Integration (VMI) subtest from the Peabody Developmental Motor Scales (PDMS-2; Folio and Fewell [@CR21]). The VMI includes items that require reaching and grasping, building with blocks, or copying designs. Internal consistency reliability for 36--47 months of age is excellent (r~11~ = 0.94), whereas the overall test-retest (r~12~ = 0.92) and inter-scorer (r~11~ = 0.98) reliability coefficients are also exceptionally high (Folio and Fewell [@CR21]).

### Descriptive Information for Performance Measures {#FPar6}

The mean FSIQ, CL, and VMI scores (±SD) of our participants fell well within the Average range on three of the four readiness measures (107.83 ± 17.62, 106.43 ± 13.60, and 10.73 ± 2.91, respectively), whereas mean AP score fell Above Average (116.71 ± 13.55). These favorable results are likely attributable to the preponderantly middle-class background of our sample. Notably, participants' scores spanned a broad range (with similar ranges and SD's for AP and CL) and it was our goal to explore the contribution of antenatal risk to explaining this variability. All standard scores were corrected for prematurity. The recalculation of the preterm preschooler's age-at-testing as time elapsed since the expected date of delivery allows one to derive standard scores based on age-reference norms of typical children who are similar in biological maturity. Additional descriptive data for the total-, and subsample without significant brain injury may be found in Online Resource [3](#MOESM1){ref-type="media"}.

Measurement of Cumulative Antenatal and Cumulative Perinatal Risk {#Sec4}
-----------------------------------------------------------------

### Cumulative Antenatal Risk {#FPar7}

Consistent with the *fetal programming* hypothesis, our chief variable of interest was cumulative antenatal risk, operationalized as an index comprised of equally weighted complications. We included nine major complications with sample frequency \> 5% (see Table [2](#Tab2){ref-type="table"}) and with well documented relationships to unfavorable neonatal outcome or neurobehavioral sequelae. Specifically: hypertensive disorders (Maher et al. [@CR40]), IUGR (Morsing et al. [@CR44]), hemolysis, elevated Liver enzymes, and low platelet count \[HELLP\] syndrome (Barnhart [@CR7]), hypothyroidism (Andersen et al. [@CR5], and Liu et al. [@CR39]), diabetes (Fraser et al. [@CR24]), chorioamnionitis (Yellowhair et al. [@CR64]), preterm premature rupture of the membranes (PPROM; Pinto et al. [@CR48]), placental abruption (Downes et al. [@CR19]) and placenta previa (Weiner et al. [@CR60]). Hence, for each participant we summed the identified complications, out of the nine relatively common antenatal risks, with the following sample distribution: 0 (15%), 1 (40.62%), 2 (27.50%), 3 (13.75%) and 4 (3.10%). No cases were observed with frequency ≥ 5 complications. The correlations between pairs of antenatal complications were moderate at best, suggesting that the information provided by discrete complications was not redundant. The strongest relationship was observed between diagnosis of histological chorioamnionitis and PPROM latency duration (time between membrane rupture and birth) \> 12 h (*r* = 0.489; *p* \< 0.001).

### Cumulative Perinatal Risk {#FPar8}

A cumulative perinatal risk score was also computed and was included as a covariate. Nine major perinatal complications with sample frequency \> 5% provided the basis for the perinatal summary score (see Table [2](#Tab2){ref-type="table"}). Abnormal presentation was not included because this complication is thought to exert little influence on long-term outcome (Eide et al. [@CR20]) and since the potentially unfavorable outcome effects are believed to be the result of confounding with the effects of prematurity or gestational age (Ismail et al. [@CR35]). The latter variable was taken into account as a separate risk factor in this study.

### Inter-Rater Reliability of Cumulative Medical Risk Indices {#FPar9}

Background medical information was obtained retrospectively from the mother's labor and delivery hospitalization as well as the NICU records. Intra-class correlations (ICC-2; Shrout and Fleiss [@CR51]) for the antenatal and the perinatal complications composite scores were excellent, owing in part to the ease and efficiency of searching electronic records. Based on two independent and trained medical records reviewers, ICC equaled or approached unity for ten cases (ICC \[9\] = 1.00, and 0.98, for antenatal and perinatal composites, respectively).

### Construct Validity of Cumulative Medical Risk Indices {#FPar10}

Construct validity of the two summary scores was established in the singletons subsample (*N* = 90) by examination of the associations between the cumulative *ante*natal risk score and birth weight, an index of fetal growth and well-being, and between the cumulative *peri*natal risk score and both length of NICU stay and days on the ventilator, two indexes of need for medical intervention. Indeed, cumulative *ante*natal risk, adjusted for sex and gestational age, accounted for a significant portion of the variance in birth weight (*F* \[1, 86\] = 5.024, *p* \< 0.028), whereas cumulative *peri*natal risk, adjusted for sex and gestational age, accounted for length of hospital stay (*F* \[1, 86\] = 56.11, *p* = 0.028) and need for ventilation (*F* \[1, 85\] = 36.47, *p* \< .001).

General Statistical Considerations {#Sec5}
----------------------------------

In addition to the 90 singletons and seven single-members of twin pairs, our sample included 27 sets of co-twins and three sets of co-triplets. To capture the correlation between participants within sets of multiples, we used SPSS 24.0 MIXED (maximum likelihood) to fit separate linear mixed effects models for each outcome variable, with multiplicity (cases from the same birth mother) as a random effect. Thus, the individual multiples nested within each set were conceptualized as replications and were given a random block number that was unique, but identical for set members. In contrast, singleton children or multiples without an evaluated co-multiple had no replicates and were considered random block with size 1. This model enabled both co-multiples and singletons to be used in the same analysis without either violating independence assumptions or, alternatively, discarding important information by including only a single member of each set.

The variable of interest, antenatal risk (the sum of antenatal complications), was entered together with sociodemographic covariates, sex and SES (Hollingshead [@CR32]), into the model. The Hollingshead Index is a composite score reflecting family social status. The score is based on four factors: parental marital status, employment status, educational attainment and occupational prestige. Two additional covariates were entered to capture the influence of perinatal risk: gestational age and the perinatal complications summary score (see Table [2](#Tab2){ref-type="table"}). Birth weight was highly correlated with gestational age and was therefore not included (r = 0.82; *p* \< 0.001). Hence, the effect of antenatal risk on readiness was statistically adjusted for influence of four covariates, with all five predictors entered simultaneously into the model. Information about bivariate correlations among the five predictors may be found in Online Resource [4](#MOESM1){ref-type="media"}. One should note here that a fifth covariate, IQ test edition, was used in analyses of cognitive outcome.

The predicted variables were the cognitive (prorated FSIQ) and pre-academic (CELF-P2 CL score, WJ-III AP subtest score, and PDMS-2 VMI score) measures of kindergarten readiness corrected for degree of prematurity. Information about the correlations between the five predictors and four outcome measures is presented in Online Resource [5](#MOESM1){ref-type="media"}.

Three (1.9%) of the 160 participants were unable to complete any of the tasks included in this evaluation (two cases with CP and a single case without significant neurological findings who required \>4.5 months on the respirator at birth). Of the 148 children without significant brain injury who completed at least one task, a minority of cases failed to complete the tasks needed to obtain a score on one or more of the four preacademic performance indices (*n* = 1 \[0.6%\], 8 \[5.4%\], 14 \[9.4%\], and 6 \[4.0%\] cases for FSIQ, CL, AP, and VMI, respectively). Due to the children's young age, it was difficult, if not impossible, to ascertain the causes of failure to attempt or follow instructions for specific subtests. Examination of the correlates of the sum of incomplete subtests per participant revealed significant associations neither with sociodemographic variables (*r*\[158\] = −.102 and − .100 for SES and sex; *p* = .199 and .207, respectively) nor with preschool attendance (*r*\[155\] = 0.084; *p* = 0.296). In contrast, a significant inverse relationship between the number of incomplete subtests and the FSIQ was observed (*r*\[156\] = −.48, *p* \< 0.001). To avoid bias resulting from potential influence of the missing subtest scores, we applied multiple imputation to replace these performance data.

The results of data analyses are reported both before and after exclusion of cases with significant brain injury. Prior to data analyses, interactions between sex and the remaining predictors were examined for all outcome measures. As none of the interactions were significant (all *p* values \> .15), the reduced models were used. Follow-up analyses were conducted to explore whether any observed associations between antenatal risk and kindergarten readiness were attributable to a particular class of complications. Hence we grouped the nine antenatal complications comprising the summary score (Table [2](#Tab2){ref-type="table"}) into four categories. These four groupings were based on shared etiological pathways, or shared antepartum symptoms coupled with at least some shared antecedents. Specifically, complications associated with either (1). *intra*-amniotic infection and inflammation (histologic chorioamnionitis and membranes ruptured \>12 h; e.g., Stock et al. [@CR54]); (2). placental insufficiency (hypertension in pregnancy, HELLP syndrome, and IUGR; e.g., Stepan et al. [@CR53]); (3). maternal endocrine dysfunction (hypothyroid and diabetes; e.g., Haddow et al. [@CR29]) or (4). uteroplacental bleeding (abruption and previa; e.g., Berhan [@CR11]; Getahun et al. [@CR25]). Category scores were then assigned to participants based on the sum of complications accumulated within each class of antenatal risk. The data were then reanalyzed using the same sociodemographic and medical variables as covariates; however, we substituted the four sums of risk scores for the single composite sum of nine antenatal complications.

Results {#Sec6}
=======

Table [3](#Tab3){ref-type="table"} shows analyses of performance for the total sample and for the subsample without significant brain injury cases. As shown, the antenatal complications score was inversely related to the FSIQ, both before (*p* = 0.002) and after (*p* = 0.003) exclusion of brain injury cases. Analyses of preacademic performance revealed similar associations between antenatal risk and both CL and AP scores, before (*p* = 0.001 and *p* = 0.001, respectively) and after (*p* = .002 and *p* = 0.005, respectively) excluding brain injury cases. No significant relationships were observed between cumulative antenatal risk and the VMI, yet the VMI was linked to gestational age (*p* = 0.042 and 0.012). Added variable plots, depicting relationships between residualized antenatal risk scores and outcome (FSIQ, CL, and AP) scores are shown in Online Resource [6](#MOESM1){ref-type="media"} (a-c).Table 3Explanatory model: Antenatal risk and kindergarten readiness in full sample and after exclusion of significant brain injury casesVariablesTotal sample (*N* = 160)^e^Subsample without Significant brain injury (*N* = 149)^f^*tdfp*ΔR^2\ (g)^*tdfp*ΔR^2\ (g)^Intellectual (Full Scale IQ)^a^SES4.13118.80\< .001.1224.65115.92\< .001.152Sex (F \> M)2.26131.35.024.0363.13134.22.002.077Gestational age1.29139.79.1991.46130.79.143Antenatal complications^h,i^−3.15124.67.002.068−2.98109.72.003.067Perinatal complications^j^0.39153.96.6971.35145.99.176IQ test edition−2.19109.54.029.037−1.29102.96.196Preliteracy (Core Language)^b^SES3.74124.88\< .001.1034.25118.85\< .001.142Sex (F \> M)2.39144.29.017.0242.87117.13.004.036Gestational age0.54142.57.5900.77136.30.445Antenatal complications^h,i^−3.36122.84.001.085−3.11129.20.002.069Perinatal complications^j^−0.59158.55.5540.06144.32.949Numeracy (Applied Problems)^c^SES4.06133.52\< .001.1084.48119.51\< .001.133Sex (F \> M)3.44151.43.001.0733.47147.57.001.082Gestational age0.38129.00.7070.51126.65.612Antenatal complications^h,i^−3.28121.90.001.071−2.8093.39.005.059Perinatal complications^j^−0.88147.39.380−0.45147.77.653Prewriting (Visual Motor Integration)^d^SES3.25131.99.001.0753.69122.46\< .001.109Sex (F \> M)3.92159.41\< .001.0934.36131.82\< .001.097Gestational age2.04143.40.042.0122.52131.04.012.038Antenatal complications^h,i^−1.14117.05.254−0.40125.57.690Perinatal complications^j^0.42159.28.6741.52146.63.130^a^Wechsler Preschool and Primary Scale of Intelligence (III or IV). ^b^ Clinical Evaluation of Language Fundamentals -- Preschool-2. ^c^Woodcock Johnson III. ^d^ Peabody Developmental Motor Scales-2. ^e^ Three of 160 participants were unable to complete tasks required for scoring on any of the outcome measures. Of the remaining 157 cases, two failed to obtain a score on the FSIQ (one with brain injury), nine on CL (3 with brain injury), seventeen on AP (three with brain injury), six on the VMI. ^f^ Of the 148 "non-neurological" cases completing tasks required for a score on at least one of the four outcome measures, one (.06%) could not obtain a score on the FSIQ, six (4.05%) on CL, fourteen (9.45%) on AP, six (4.05%) on the VMI. ^g^ Computation of ΔR^2^ based on Snijders and Bosker ([@CR52], pp. 102-103). ^h^ Antenatal complications score is a composite of presence (=1) vs. absence (=0) of nine complications: placental abruption, placenta previa, chorioamnionitis, diabetes, hypertension in pregnancy, HELLP syndrome (hemolysis, elevated liver enzymes, low platelet count), hypothyroidism, preterm premature rupture of the membranes (PPROM) \> 12 h, and intrauterine growth restriction. ^i^ Due to the paucity of cases with four antenatal complications, analyses were repeated with three and four complications combined into a single category (≥3), with similar findings for the full sample: *t*(131.72) = −2.67, *p* = .008; *t*(130.47) = −2.967, *p* = .003; *t*(109.00) = −2.881, *p* = .004; *t*(122.60) = 1.537, *p* = .217 for FSIQ, CL, AP, and VMI, respectively. For the "non-neurological" subsample: *t*(118.12) = −2.745, *p* = .006; *t*(134.26) = −2.920, *p* = .004; *t*(104.00) = −2.580, *p* = .010; *t*(125.02) = −.419, *p* = .676 for FSIQ, CL, AP, and VMI. ^j^ Perinatal complications score is a composite of nine complications: anemia, bronchopulmonary dysplasia, bacterial infection, hyaline membrane disease, hyperbilirubinemia, hypoglycemia, intracranial pathology, patent ductus arteriosus, and supplemental oxygen requirement following discharge

Supplemental analyses revealed that using an expanded model, with three additional predictors (multiple birth, school attendance, and bilingualism), did not meaningfully alter the nature of the relationships found between antenatal complications and either the FSIQ (*t*\[103.12\] = −2.52, *p* = 0.012), CL (*t*\[127.74\] = −2.92, *p* = 0.004), AP (*t*\[85.17\] = −2.53, *p* = 0.012), or the VMI (*t*\[112.60\] = −0.05, *p* = 0.963). Additionally, the use of birth weight SD (birth weight standardized for gestational age according to reference norms provided by Kramer et al. [@CR37]) as a distinct predictor in our model, neither contributed (t \[146.988\] = − 0.68, *p* = 0.49; t \[144.138\] = 0.21, *p* = 0.83; and t \[131.93\] = 0.348, *p* = .73 for FSIQ, CL, and AP) nor meaningfully altered (t \[104.487\] = −2.71, *p* = .007; t \[121.74\] = −2.94, *p* = 0.003; and t \[92.28\] = −2.67, *p* = 0.008 for FSIQ, CL, and AP) the relationships between antenatal complications and outcome measures.

Table [4](#Tab4){ref-type="table"} shows the relative contribution of each of the four categories of antenatal risk to the four performance measures; the proportion of variance explained (ΔR^2^) is provided for statistical effects with *p* \< 0.10. As the table reveals, intra-amniotic infection risk was significantly related to the FSIQ (*p =* 0.016), CL (*p* =0. 043), and AP (*p* =0. 012), whereas conditions associated with placental insufficiency were significantly related to CL (*p* = 0.047), with trends for associations with the FSIQ and AP (*p* = 0.071 and 0.064, respectively). Maternal endocrine dysfunction was associated with CL (*p* = 0.040), and disorders associated with uteroplacental bleeding were significantly related to the FSIQ (*p* = 0.048).Table 4Explanatory model: Classes of antenatal risk and kindergarten readiness in 149^a^ cases without significant brain injuryIntellectual (Full Scale IQ)^b^Numeracy (Applied Problems)^d^*Predictorstdfp*ΔR^2^*tdfp*ΔR^2^SES4.49114.50\< .001.1444.21116.96\< .001.118Sex (F \> M)3.00133.10.003.0703.49145.62.001.084Gestational age1.28128.61.2010.26122.88.795Perinatal complications^f^1.28146.19.200−0.50146.23.620Intra-amniotic infection risk^g^−2.40120.32.016.048−2.56119.12.012.059Placental insufficiency^ih^−1.81123.14.071.023−1.8597.66.064.025Maternal endocrine dysfunction^i^−1.1987.31.236−1.4783.75.141Uteroplacental bleeding risk^j^−1.9894.30.048.034−0.7585.89.455IQ test edition−1.36101.84.175Preliteracy (Core Language)^c^Prewriting (Visual Motor Integration)^e^*Predictorstdfp*ΔR^2^*tdfp*ΔR^2^SES4.23118.63\< .001.1383.48118.21.001.097Sex (F \> M)2.71113.75.007.0304.40131.02\< .001.103Gestational age0.74135.92.4602.38132.62.018.032Perinatal complications^f^−0.05144.22.9641.50148.30.135Intra-amniotic infection risk^g^−2.02129.16.043.033−0.79125.60.430Placental insufficiency^h^−2.00141.95.047.027−0.72130.43.475Maternal endocrine dysfunction^i^−2.05103.89.040.0381.0795.70.283Uteroplacental bleeding risk^j^−1.28108.90.200−0.58101.60.560^a^Of the 148 "non-neurological" cases who completed task(s) required for a score on at least one of the four outcome measures, one (.06%) could not obtain a score on the Full Scale IQ (FSIQ), six (4.05%) on Core Language (CL), fourteen (9.45%) on Applied Problems (AP), and six (4.05%) on Visual Motor Integration (VMI). Multiple imputation was applied to replace missing FSIQ, CL, AP, and VMI scores. ^b^ Wechsler Preschool and Primary Scale of Intelligence -- III or IV. ^c^ Clinical Evaluation of Language Fundamentals -- Preschool II. ^d^ Woodcock Johnson III. ^e^ Peabody Developmental Motor Scales-2. ^f^ Perinatal complications score is a composite score reflecting presence (=1) vs. absence (=0) of nine complications: anemia, bronchopulmonary dysplasia, bacterial infection, hyaline membrane disease, hyperbilirubinemia, hypoglycemia, intracranial pathology, patent ductus arteriosus, and supplemental oxygen requirement following discharge. ^g^ Intra-amniotic infection risk score is a composite of two complications believed to share etiological pathways: preterm premature rupture of membranes (PPROM) \> 12 h and histological chorioamnionitis. ^h^ Placental insufficiency score is a composite of three complications thought to share etiological pathways: maternal hypertension, HELLP syndrome (hemolysis, elevated liver enzymes, low platelet count), and intrauterine growth restriction. ^i^ Maternal endocrine dysfunction score is a composite of two complications found to share some etiological pathways: maternal diabetes and hypothyroidism. ^j^ Uteroplacental bleeding risk score is a composite of two complications sharing antenatal symptomatology: placental abruption and placenta previa

Discussion {#Sec7}
==========

Following statistical adjustment for sociodemographic and perinatal confounds, the sum of nine, relatively common, antenatal complications remained a significant source of variability in preterm-born preschoolers' cognitive and academic performance. Exploration of the relative outcome contribution of four classes of antenatal risk revealed that complications associated with intra-amniotic infection, placental insufficiency and uteroplacental bleeding accounted for 4.8%, 2.3% and 3.4% of IQ variance, respectively, altogether 10.5% of variability in kindergarten cognitive readiness. Similarly, complications associated with maternal endocrine dysfunction, intra-amniotic infection, and placental insufficiency accounted for 3.8%, 3.3% and 2.7%, of the variance in language skills, respectively, altogether 9.8% of variability in literacy readiness. Complications associated with intra-amniotic infection risk and placental insufficiency contributed 5.9% and 2.5% of the variance in early number concepts, respectively, a combined share of 8.4% to variability in numeracy readiness. Hence, when considered separately, each of the four risk categories accounts for a small slice of outcome variance in one or more preacademic domains (except visual-motor integration). Yet in aggregate they accounted for 8.4--10.5% of the variance in kindergarten readiness of preschoolers free of major handicaps, consistent with effect sizes of moderate magnitude (Cohen [@CR16]).

Interestingly, amongst the four categories of antenatal risk examined here, *intra-amniotic* infection was the most consistent contributor to kindergarten readiness. These findings are compatible with recent evidence that inflammation, including chorioamnionitis, contributes to preterm CNS injury and is also an independent risk factor for brain injury in the term infant (Yellowhair et al. [@CR64]). These results are also consistent with reports of marked increase in the probability of unexplained cerebral palsy in the presence of antenatal inflammation-infection (Horvath et al. [@CR33]). In this context, one should note that a sizeable proportion of the mothers in our sample received antibiotics prophylaxis for prevention of early onset neonatal infection (see Online Resource [2](#MOESM1){ref-type="media"}). In a recent integrative review of the literature, Braye et al. ([@CR12]) highlighted the observed decrease in incidence of early onset infection since the introduction of intrapartum antibiotic prophylaxis, as well as findings of randomized controlled studies documenting effectiveness. At the same time, however, Braye and colleagues emphasized that the longer-term health implications of prophylaxis for early onset infection are unknown. It is difficult, therefore, if not impossible, to draw conclusions regarding the potential implications of antibiotic prophylaxis on kindergarten readiness until such data become available. Nonetheless, our findings revealed that each of the four classes of antenatal risk studied here contributed significantly to explaining performance variance on one or more kindergarten readiness domains. The putative influence of each antenatal risk category on brain maturation trajectory and cognitive-behavioral development may be conceptualized within the broad framework of fetal programming of disease (Buss et al. [@CR13]; Zeltser and Leibel [@CR65]; Myatt [@CR45]; Andersen et al. [@CR4]; Miller et al. [@CR43]; Godfrey [@CR26]). However, the biological mechanisms mediating the relationship between cumulative antenatal risk and kindergarten readiness require specification. Antenatal stressors lead to placental adaptive responses to the variations in the maternal-fetal environment (Myatt [@CR45]). These responses, in turn, are followed by fetal adaptations expressed via vascular, metabolic or endocrine changes that permanently modify bodily structure or function (Hocher et al. [@CR31]). The precise nature and sequence of the biological changes mediating deficits in cognitive-behavioral functioning have yet to be elucidated. To accomplish this goal, future investigations should incorporate measures of potential sequential mediators, including indexes of placental size or function, intrauterine cerebral development, and postnatal brain structure or function.

Our findings are consistent with Zeltser and Leibel's ([@CR65]) observations that dissimilar intrauterine stress factors may nonetheless lead to similar fetal outcomes because they activate related mechanisms of placental adaptation (Fowden et al. [@CR23]) which, in turn, shape the trajectory of fetal brain development (Buss et al. [@CR13]). The thesis that diverse insults converge on similar unfavorable outcomes (a relationship mediated by fetal brain programming) is compatible with the notion that the amalgamation of antenatal complications into a single index or several classes of risk may offer an important tool for the study of individual differences among preterm-born children in the severity of neurocognitive deficits.

Antenatal complications contributed less than SES to explaining outcome variance, although effect magnitude was typically moderate for both variables. Girls outperformed boys on all measures, consistent with other reports of female outcome advantage following preterm birth (Lauterbach et al. [@CR38]). Similar to Foster-Cohen et al. ([@CR22]), we did not find significant associations between the sum of *peri*natal complications and kindergarten readiness in this young age group. However, gestational age, often considered a proxy for perinatal risk, was found to be linked to development of visual-motor integration skills even after we excluded cases with evidence of significant brain injury from the analyses. Additionally, there was a weak trend (*p* \< 0.15; Table [3](#Tab3){ref-type="table"}) for a relationship between gestational age and global intellectual skills. The absence of the oft-reported significant relationships between the degree of prematurity and the remaining outcome measures (e.g., Heuvelman et al. [@CR30]; a recent epidemiological investigation) was somewhat unexpected. It is possible that within a restricted gestational age range, where values ≥34 weeks were truncated, the relationships between gestational age and preschool performance are more difficult to demonstrate whereas the adverse influence of other risk factors (e.g., antenatal complications) becomes more apparent. Interestingly, the absence of gestational age effects on several performance measures employed here seems consistent with findings from a recent meta-analysis of the long-term cognitive and academic performance of children born with various degrees of prematurity (Allotey et al. [@CR3]). The quantitative integration revealed a miniscule, if any, effect of lower gestational age. Children born between 28 and 34 weeks performed almost as poorly as those born \<28 weeks.

As noted earlier, our findings of an association between cumulative antenatal risk and kindergarten readiness are consistent with the fetal programming hypothesis. Researchers of fetal programming have typically studied the role of the prenatal environment without taking into consideration the perinatal, or postnatal environment (Grant et al. [@CR27]). In the current study, however, we statistically adjusted cumulative antenatal risk for perinatal complications and for socioeconomic status in effort to account for confounding influences occurring after birth.

Limitations of this study include the retrospective nature of the participant identification and recruitment component. Medical data were also collected retrospectively, yet inter-rater reliability for information obtained from medical records was excellent. The difficulty of a small number of participants to complete various tasks is not surprising, given the combination of young age and increased biomedical risk in our sample. The percentage of missing outcome data for the 148 children without significant neurological injury completing ≥ one task ranged from negligible (0.06%) for cognitive readiness (FSIQ) to moderate (9.45%) for numerical readiness (AP). The amount of missing data for three of the four outcome measures was nonetheless small (\< 5.0%). Although our sample included children with a wide range of socioeconomic circumstances, the mean SES and educational characteristics of the sample revealed a greater representation of middle-class strata, thereby reducing the potentially confounding effects of socioeconomic adversity on kindergarten readiness. Nonetheless, because to some extent generalizability to lower strata was traded-off for improved internal validity, our findings may have underestimated statistical effects in samples with greater representation of the lower end of the socioeconomic scale. The cross-sectional nature of this investigation precluded examination of the generalizability of the findings to elementary school readiness and beyond.

In the current investigation antenatal risk accounted for up to 10.5% of the variance in kindergarten readiness. Antenatal risk estimation was based on a simple frequency count of common complications. A more sensitive measure of risk may be developed to take the severity of discrete complications within each of the four antenatal risk categories examined here into account. Increased sensitivity, in turn, may serve to enhance the magnitude of the statistical effects observed here between antenatal risk and emergent academic skills. As noted above, we statistically adjusted for degree of gestational maturity and for the presence of nine common perinatal risk factors (Table [2](#Tab2){ref-type="table"}) in order to estimate the unique portion of outcome variance that is attributable to cumulative antenatal risk. We further examined the data with and without 'neurological' cases, based on both ultrasound evidence obtained in the NICU and subsequent evidence of cerebral palsy. Nonetheless, one may argue that the full effect of confounding perinatal risk factors such as chronic lung disease or germinal matrix hemorrhage may become evident in the longer term only, when academic performance demands are increased. A longitudinal study of educational attainment is best suited to address this issue.

The significance of early academic skills as the foundation of scholastic achievement has been established in multiple follow-up investigations of typical kindergartners to the early school years (e.g., Pagani et al. [@CR47]; Romano et al. [@CR49]; Grissmer et al. [@CR28]). Moreover, developmental continuity has been demonstrated between preschool quantitative and oral-language skills and elementary school attainment in math and reading, in a variety of student populations (e.g., Davison et al. [@CR18]; Manfra et al. [@CR41]; Manfra et al. [@CR42]; Nguyen et al. [@CR46]). The existence of robust developmental continuity between pre-academic and academic skill levels supports the notion that the same factors that explain variability in emergent academic skills also account for variability in mastery of both the reading process and basic arithmetic in the early elementary-school years. Based on our findings, it is therefore likely that differences in scholastic achievement among graduates of the NICU are partly explained by cumulative antenatal risk. A follow-up study of preterm-born preschoolers, extending to early school-age and beyond, will be needed to support this thesis.
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